Anti silencing function 1 (Asf1), a well conserved protein from yeast to human, acts as a histone chaperone and is predicted to participate in a variety of chromatin mediated cellular processes. To investigate the physiological role of vertebrate Asf1 in vivo, we generated a conditional Asf1 deficient mutant from chicken DT40 cells. Induction of Asf1-depletion resulted in the accumulation of cells in S phase with decreased DNA replication and increased mitotic aberrancy forming multipolar spindles, leading to cell death. In addition, nascent chromatin in Asf1 depleted cells showed increased nuclease sensitivity, indicating impaired nucleosome assembly during DNA replication. Complementation analyses revealed that the functional domain of Asf1 for cell viability was confined to the Nterminal core domain (1-155 amino acids) that is a binding platform for histones H3/H4, CAF1p60 and HIRA, while Asf1 mutant proteins, abolishing binding abilities with both p60 and HIRA, exhibit no effect on viability. These results, together, indicate that the vertebrate Asf1 plays a crucial role in replication coupled chromatin assembly, cell cycle progression and cellular viability, and provides a clue of possible role in a CAF-1 and HIRA independent chromatin modulating process for cell proliferation.
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During S phase, newly synthesized histones H3-H4 are assembled behind the replication fork, followed by loading of H2A-H2B dimer to complete de novo nucleosome formation on newly replicated DNA (1) (2) (3) . Besides such replication coupled chromatin assembly process, DNA synthesis independent chromatin assembly process also exists to operate histone deposition during transcription and DNA repair (4) . These processes are mediated by several specialized histone chaperones (1) . Chromatin assembly factor-1 (CAF-1), a trimeric protein complex consisting of p150, p60 and p48 subunits, is the most characterized chaperone responsible for loading of histones H3-H4 onto replicating DNA through an interaction with proliferating cell nuclear antigen (PCNA), the DNA polymerase sliding clump (5) . In fact, loss of CAF-1 by siRNA mediated knock-down system results in both impaired S phase progression and cell viability accompanied with defect of nascent chromatin assembly (6, 7) , suggesting its essentiality for coordinated DNA synthesis and chromatin assembly (6, 8) . However, the yeast CAF-1 mutant exhibits no growth retardation, implying the availability of other histone H3-H4 deposition factors (9) .
Asf1 was originally identified in yeast as its anti silencing function in silent mating loci (10) . Biochemically identified Drosophila RCAF complex, containing Asf1 and newly synthesized acetylated histones H3 and H4, showed to facilitate efficient replication coupled nucleosome assembly only in the presence of limited amount of CAF-1 (11) . Yeast Asf1 and two human forms Asf1a and Asf1b can interact with CAF-1p60 and promote replication or repair dependent chromatin assembly synergistically with CAF-1 (12) (13) (14) . Two biochemically purified histone H3.1 and H3.3 complexes, containing CAF-1 and HIRA, possess the replication coupled and independent chromatin assembly activities, respectively (15, 16) . Asf1 is retained in these two H3 variant complexes, suggesting the involvement of it in both chromatin assembly pathways (15) . These together enforced a speculation about its role as histone donor chaperone effectively supplying histones to either CAF-1 or HIRA-mediated chromatin assembly pathway (2) . Recently, it was reported that RNAimediated knockdown of the human or Drosophila Asf1 leads to impaired S phase progression (17, 18) , as observed in CAF-1-depleted human cells (6) . In yeast, the loss of Asf1 results in impaired cell proliferation, increased sensitivity to methyl methanesulfonate (MMS) (11) and minor defects of gene silencing at telomere and silent mating loci. These effects are enhanced by incorporating additional mutations either of CAF-1 or Hir (11) (12) (13) . Thus, both genetic and biochemical data suggest that Asf1 synergistically acts with CAF-1 or HIRA in the regulation of chromatin assembly that has impact on DNA replication, cell cycle progression and formation/maintenance of heterochromatin structure (2, 19, 20) .
In addition, Asf1 exhibits several distinct features in addition to synergistic role with CAF-1. For example, recent findings in yeast indicate that, in contrast to CAF-1, Asf1 functions as a disassembly factor for histone deposition on overall genome (21) and facilitates chromatin disassembly at PHO5 promoter loci so as to allow transcription activation (22) , suggesting that it acts as a histone acceptor. Nature of Asf1 as an interactor with TFIID subunit also suggests its participation in transcription control at various RNA polymerase II dependent gene loci (23, 24) . Furthermore, yeast Asf1 is involved in genomic stability in conjunction with the checkpoint machinery (25) and interacts with the DNA damage checkpoint kinase rad53 (26, 27) , and human Asf1 is phosphorylated by tousled-like kinase (Tlk), which is inhibited by ATM/ATR/Chk1 kinases in response to DNA damage, suggesting its role as mediator of checkpoint signal to chromatin (28, 29) . Genetic analyses in Drosophila suggest a linkage between cell proliferation and a Tlk-Asf1 mediated chromatin assembly pathway (30) .
Asf1 is a highly conserved protein among eukaryotes and shares common features associated with a variety of chromatin mediated processes as described above. Although the inactivation of Asf1 leads to a broad range of cellular defects based on altering chromatin structure in yeast (2, 3, 19) , its role in vertebrates has not been fully explored yet. In this paper, to investigate physiological role of Asf1 in vertebrates, we generated a conditional Asf1-deficient DT40 mutant cell, using the gene targeting technique. Analyses of the mutant cells indicate that vertebrate Asf1 plays a crucial role in replication coupled nucleosome assembly linked to DNA replication, S phase progression and viability.
EXPERIMENTAL PROCEDURES
Cell culture -DT40 cells and mutants were cultured in RPMI-1640 media supplemented with 10% fetal calf serum, 1% chicken serum, 2 mM L-glutamine, 10 -5 M ß-mercaptoethanol and penicillin and streptomycin at 39˚C in 5% CO 2 incubator. Transfections and selections of drug resistant cells were conducted as described (31). At indicated times, cells were counted to determine the growth rate. COS-7 cells were grown in DMEM supplemented with 10% fetal calf serum at 37˚C in 5% CO 2 incubator. Transfection was conducted as described (32).
Cloning of genomic DNA, gene constructs, transformation and mutant isolation -Chicken full-length Asf1 cDNA was PCR-amplified from DT40 cDNA on the basis of the sequence from chicken Web Bursal EST database (http://www.chick.umist.ac.uk/index.html). Nucleotide sequence of obtained cDNA was verified by the dye terminator method (Applied Biosystems Division, Perkin-Elmer, Wellesley, MA). Genomic Asf1 DNA clones were isolated by screening DT40 λ FIX II genomic library (33), using Asf1 cDNA as a probe. The Asf1 disruption constructs were made in pBluescript vector by subcloning 2.0 kb-upstream and 2.5 kb-downstream fragments of Asf1 genome DNA. The neo cassette flanked by loxP site or bsr/cre-ER drug resistance cassette (34) was inserted between upstream and downstream arms. Gene targeting with these constructs was expected to disrupt 131 amino acids (aa) in exon 3 of Asf1 gene. The tetracycline (tet)-responsible Asf1 expression vector was constructed by inserting the HAtagged full-length chicken Asf1 cDNA into pUHD10-3 plasmid (35). To obtain the ptTA-bleo construct, a cassette of the bleomycin (bleo)-resistant gene driven by the ß-actin promoter was inserted into the pUHD15-1 plasmid, which contains the tet-responsive transactivator gene controlled by the CMV promoter. For FLAGtagged wild-type and mutant Asf1 expression vectors, respective Asf1 cDNA fragments generated by PCR amplification or quick change method using Pfu turbo (Stratagene) were inserted into pApuro, carrying the chicken ß-actin promoter upstream of the cloning site and a marker gene, puro-resistant gene, driven by downstream of the SV40 promoter (36), or into pCite vector (Invitrogen). Knock-in type targeting construct for CENP-H-GFP was the same as described (37). pCiteHA-HIRA was also the same as described (38) .
Flow cytometric analysis of cell cycle -Flow cytometric analyses were carried out using FACS Calibur (Beckton-Dickinson, Mountain View, CA) as described (39). For synchronization into mitotic phase, cells were cultured in the absence or presence of tet for 24 h, and treated with nocodazole (200 ng/ml) for 8 h, released from the block by washing with medium three times and further cultured with or without tet. At 2 h intervals, the cells were collected, fixed in 70% ethanol, stained with propidium iodide (PI), and then analyzed. For two dimensional cell cycle analysis, cells were cultured in the presence of 20 µM BrdU at 39˚C for 10 min, fixed in 70% ethanol, and stained with FITC-labeled anti-BrdU antibody (1:400, Chemicon) and PI.
Analysis of DNA synthesis and chromatin structure -To monitor DNA synthesis rate during Asf1 deletion, cells were cultured with or without tet (1 µg/ml) for indicated times, then pulselabeled by the addition of 2 µCi/ml of [ 3 H]-thymidine (NEN) for 10 min. Collected cells were lysed by NaOH, followed by precipitation with TCA passing through filter, and then incorporated radioactivities were counted using a liquid scintillation counter.
To examine nascent chromatin structure, cells were pulse-labeled with [ 3 H]-thymidine (20 µCi/ml) for 10 min, and labeled nuclei were prepared as follows. Cells were washed with cold PBS and incubated in NB (15 mM Tris-HCl, pH 8.0, 0.5 mM EDTA, 2 mM magnesium acetate, 2 mM CaCl 2 , 1 mM DTT, protease inhibitor cocktail (Sigma)) in the presence of 0.1% NP-40. The resultant nuclei were washed twice with NB, suspended at 20 A 260 /ml (A 260 was measured in 2 M NaCl and 5 M urea) in NB, and digested at 37˚C for 8 min with 0.0025-0.2 units/ml of micrococcal nuclease (MNase) (Sigma). The reactions were stopped by adding 10 mM EDTA and 0.5% SDS, and then DNA was purified by incubation with 100 µg/ml of proteinase K for 2 h at 37˚C, followed by phenol-chloroform extraction and ethanol precipitation. DNA was electrophoresed in a 1.2% agarose gel followed by EtBr-staining and then transferred to a Hybond N+ membrane. To detect [ 3 H]-labeled DNA, blots were directly exposed onto a BAS screen (TR2040) specified for tritium, and visualized using a Mac BAS-1000 (Fuji Film). Densitometric tracing of nucleosomal ladder was carried out by using Image Gauge ver. 3.3 (Fuji Film)
Western blotting and co-immunoprecipitation -For production of anti-chicken Asf1, antichicken CAF-1p150 and anti-chicken CAF-1p60 antibodies, GST-fusion proteins (GST-Asf1 1-204aa , GST-p150 720-938aa , GST-p60 1-256aa ) were expressed in bacteria, and then purified fusion proteins were injected to rabbits. Affinity purification of antibodies was performed using standard procedures.
DT40 cells (1x10 7 ) were lysed in 200 µl of SDS buffer, and then aliquots (10-20 µl) of the resultant cell extracts were separated by SDS-PAGE, followed by electro-blotting onto a PVDF membrane. The filter was probed with 1/1000 dilution of antibodies against Asf1, p150, p60, p48 (Pharmigen), PCNA (PC10, sigma), γ-H2AX (Upstate), α-tubulin (Sigma), HA (12CA5, Boehringer), or FLAG M2 (Sigma), followed by incubation with a 1/1000 dilution of secondary antibodies (horseradish peroxidase-conjugated anti-mouse or anti-rabbit IgG antibodies (Dako)). The signal was developed using a Super Signal West Pico Chemiluminescent Substrate (Pierce, Rockford, IL) and visualized with a LAS-1000 (Fuji Film).
For co-immunoprecipitation analysis, cells (5x10 7 ) were lysed in RIPA buffer (20 mM TrisHCl, pH7.8, 150 mM NaCl, 0.1 mM DTT, 1% NP-40) containing protease inhibitor cocktail (Sigma), for 30 min on ice, and then clarified lysates were immunoprecipitated with anti-FLAG M2 immobilized beads (Sigma) at 4˚C for 2 h. After washing by RIPA buffer three times, beads were suspended in SDS sample buffer, followed by Western blotting using antibodies against FLAG M2, p60, histone H3 (Cell signaling) and acetylated histone H4 (K12) (Upstate). To examine the phosphorylation states of Asf1, beads containing Asf1-FLAG protein were untreated or treated with 10 units of alkaline phosphatase in 25 µl of buffer (50 mM Tris-HCl, pH 9.0, 10 mM MgCl 2 ) at 37˚C for 1 h. After elution with SDS sample buffer, mobility of Asf1-FLAG in SDSgel was analyzed by Western blotting using anti-FLAG antibody.
For in vitro immunoprecipitation analysis, 35 Slabeled proteins, FLAG-tagged Asf1 and its derivatives, HA-tagged HIRA and HA-tagged Tip60 were produced by in vitro translation kit STP3 (Novagen) using pCite vectors containing cognate regions of Asf1 and HIRA or Tip60. Following procedures for the in vitro translation and immunoprecipitation were carried out as described (38).
Immunofluorescence microscopy -DT40 cells were attached on polyethylenimine coated slides, fixed by 4% paraformaldehyde (PFA) in PBS for 10 min, permeabilized by 0.15% Triton X-100 in PBS, and rinsed with PBS. After blocking with 5% BSA-PBS for 20 min, cells were incubated with primary and secondary antibodies in 3% BSA-PBS for 1 h at 37˚C. The following antibodies were used: rat anti-HA monoclonal (1:1000, Boehringer), mouse anti-PCNA (1:400, PC10, Sigma), rabbit anti-p150 (1: 1000), rabbit anti-p60 (1:1000) and FITC-conjugated anti-α tubulin monoclonal (1:100, Sigma). Primary antibodies were detected with AlexaFluor 488 conjugated anti-mouse IgG or AlexaFluor 594 conjugated anti-rabbit and rat IgG antibodies (1:400, Molecular Probes). DNA was counterstained with 4', 6-diamidino-2-phenylindole (DAPI) (Sigma) at 0.1 µg/ml. For Triton extraction, attached cells on slides were incubated with CSK (100 mM NaCl, 300 mM sucrose, 3 mM MgCl 2 , 10 mM PIPES-KOH, pH 6.8) containing 0.2% Triton X-100 for 5 min at 4˚C followed by fixation with 2% PFA for 10 min and absolute methanol for 20 min at -20˚C as described (40). To examine co-localization of BrdU with PCNA, cells were pulse-labeled with 20 µM BrdU at 39˚C for 10 min. After staining of PCNA with AlexaFluor 594 conjugated antimouse IgG as described above, cells were fixed with 4% PFA, then treated with 2 M HCl containing 0.5% Triton X-100 for 20 min. After washing three times, cells were incubated with FITC labeled anti-BrdU antibody (1:400, Chemicon).
Fluorescence images were visualized with a cooled CCD camera (ORCA ER, Hamamatsu Photonics) using Axiovert M-200 (Zeiss).
TUNEL assay -TUNEL assay was performed using an MEBSTAIN Apoptosis Kit Direct (MBL). Briefly, cells were collected, fixed in 4% PFA for 10 min at 4˚C, and permeabilized in PBS containing 0.5% Tween 20 for 15 min at room temperature. DNA break ends were labeled using terminal deoxynucleotidyl transferase (TdT) and FITC-dUTP, and then DNA was counterstained with PI and visualized by fluorescence microscopy.
Complementation assay -To determine the ability of Asf1 and its derivatives to rescue the tet-induced lethality of the Asf1-deficient cells, a complementation assay was carried out as described (39). Asf1-conditional knockout cells were transfected with pApuro-Asf1-FLAG and its derivatives and split into two portions. A half portion was incubated on 96-well plates in medium containing 0.4 µg of puromycin per ml to determine the frequency of transfection, and the other was incubated on 96-well plates in medium containing 0.4 µg of puromycin per ml plus 1 µg of tet per ml. After incubation for 10 days, the numbers of surviving colonies were counted.
RESULTS
Generation of conditional Asf1 knockout DT40 cells -To design gene distribution constructs, chicken Asf1 cDNA was isolated by combination of EST searching (http://swallow.gsf.de/dt40Est.html) and RT-PCR. We found several EST sequences that have significant homology to human Asf1a. Using RT-PCR based on these sequences, we cloned chicken full-length Asf1a cDNA. The deduced aa sequences of chicken Asf1a completely matched those of human and mouse Asf1a, indicating that it is a highly conserved protein throughout eukaryotes. Despite two forms as Asf1a and Asf1b, sharing 69% aa sequence homology, were found in human and mouse, we could not find chicken Asf1b homolog in both the EST and genome databases. Consistent with this, Southern hybridization under low stringency conditions using the chicken Asf1a cDNA as a probe failed to detect any signal other than the Asf1a homolog in DT40 genomic DNA. Western blotting also failed to detect Asf1b signal in DT40 cells using our raised antibody against Asf1a, which could recognize both Asf1a and Asf1b proteins in HeLa cells (data not shown). These suggest that chicken had only Asf1a gene, and Asf1b might be divergent from Asf1a throughout vertebrate evolution. Hereafter, we referred the Asf1a homolog as chicken Asf1 (accession number: AB238225).
We isolated chicken genomic Asf1 DNA by library screening, and designed gene targeting constructs (Fig. 1A) . We could obtain heterozygous knockout clones (-/+) but never obtain homozygous knockout clones (-/-), even after several attempts. Therefore, we tried to obtain tet-responsive conditional null mutants of Asf1, as this system has been applied successfully to generate conditional homozygous mutants for other essential genes (39). After we obtained Asf1 -/+ clones ( Fig. 1A and 1B) where one allele had been disrupted by the neo disruption construct, we produced several Asf1 -/+ +tetHA-Asf1 cell lines, in which N-terminal HA-tagged Asf1 was expressed under the control of a tetresponsive promoter. After confirmation of tetrepressive expression of HA-Asf1, one of the clones was transfected for the second round disruption of the remaining allele of Asf1 by the bsr/cre-ER disruption construct to obtain three independent Asf1 -/-+tetHA-Asf1 clones ( Fig. 1A  and 1B) . Hereafter, we referred these cell lines as Asf1-conditional knockout cell lines. In these cells, levels of HA-Asf1 proteins were slightly higher than that of the endogenous Asf1 protein in DT40 cells (data not shown), but upon the addition of tet, HA-Asf1 protein level decreased gradually and became undetectable under our blotting conditions after 24 h of treatment (Fig. 1C) . Of note, doublet Asf1 bands in SDS-PAGE may represent phosphorylated (upper bands) and unphosphorylated (lower bands) forms (28), which were confirmed as described later (see Fig. 5D ). Progressive decrease of Asf-1 protein level was also confirmed by indirect immunofluorescence. Asf1 staining signal was distributed within the nucleus, but by 36 h this staining signal was no longer detectable (upper panel of Fig. 1D ). It should be noted that treatment of Triton-X100 prior to fixation of cells led to diffuse the Asf1 signal out of nucleus (lower panel of Fig. 1D ), suggesting that majority of Asf1 protein exist in a soluble nuclear fraction that is not tightly bound with chromatin. This observation was consistent with previous report that sub-nuclear localization of human Asf1 is sensitive to Triton extraction (14) .
Since all the Asf1-conditional knockout clones exhibited essentially the same phenotypic properties following the treatment with tet, we described phenotypes of one of these clones hereafter.
Growth and cell cycle analysis of Asf1-conditional knockout cells -We next monitored proliferative properties of Asf1-conditional knockout cells (Fig. 2A) . Upon the addition of tet, the growth rate began to slow down from day 2 with a drastic reduction during 3-4 days, followed by complete cessation. A portion of dead cells appeared at day 2, finally almost all of the mutants died by day 5, indicating that Asf1 is essential for cell viability.
FACS analysis in terms of DNA content indicated that Asf1-deficiency led to the accumulation of mid S phase cells (Fig. 2B) . In addition, a population of sub G1 content also became apparent at 48 h, representing apoptotic cell populations. To verify more closely the effect of Asf1-deficiency for S phase progression, Asf1 null mutants were synchronized to mitotic phase by nocodazole treatment, the cell population being ~90% at M phase. After removal of the drug, the DNA content was monitored by FACS at 2 h intervals. In the absence of tet (-tet Asf1), the mutant cells, like DT40 cells (WT), had proceeded to G1 and G2/M phases by 2 h and 8 h, respectively, after release from the nocodazole block (middle and left panels of Fig. 2C ). When Asf1-conditional knockout cells had been treated with tet for 24 h (+tet Asf1), the cell cycle progression from M to G1 phase was not affected, but delayed progression through S phase, especially mid to late S phase, was observed (see 6 h and 8 h in right panel of Fig. 2C ).
With defects in S phase progression, DNA replication was also impaired in Asf1 depleted cells. Two-dimensional FACS analyses for DNA content and BrdU-uptake showed that proportion of S phase cells incorporating BrdU appeared to increase upon Asf1-depletion, but the amount of BrdU incorporation was slightly reduced at 24 h and was greatly reduced by 48-72 h (see level of y-axis and compare the shapes of BrdU-arc), indicating an impaired DNA synthesis in S phase cells (Fig. 2D ). Gradual reduction of DNA synthesis rate following Asf1-depletion was also confirmed by [ 3 H]-thymidine uptake assay (Fig.  2E ). Taken together, we concluded that Asf1 is required for efficient DNA replication that is linked to proper S phase progression.
Following the accumulation of S phase cells, a proportion of dead cells, indicated by sub-G1 fraction of FACS, was increased by 48 h upon depletion of Asf1. To evaluate whether this cell death pathway is related to the induction of double-strand DNA breaks (DSB) and apoptosis, we first examined phosphorylated form of histone H2AX (γ−H2AX), one of the earliest response to sites of DSBs (41), following loss of Asf1. The signal for γ−H2AX was increased significantly at 36 h after the addition of tet (Fig. 2F) , suggesting that DSBs are accumulated upon the depletion of Asf1. To confirm this finding by another mean, we performed the TUNEL assay to ask whether cell death after Asf1-depletion occurs through apoptosis. As shown in Fig. 2G , population of TUNEL positive cells, representing the cells with fragmented genomic DNA, were progressively increased to 5.6%, 5.2%, 15.5%, 21.7% and 29.3% at 0 h, 36 h, 48 h, 60 h and at 72 h after the addition of tet, respectively. Taken together, we conclude that depletion of Asf1 leads to an induction of DSBs and the activation of programmed cell death.
Asf1 contributes to replication coupled nucleosome assembly in vivo -Asf1 is predicted to facilitate replication coupled nucleosome assembly in concert with CAF-1 (11). To examine whether there are any roles of Asf1 associated with the events related to replication-coupled nucleosome assembly, we compared the stability of pulse-labeled nascent chromatin structure in the presence and absence of it. The Asf1-conditional knockout cells un-treated and pretreated with tet for 24 h and 30 h were pulselabeled with [ 3 H]-thymidine for 10 min, and then the labeled DNAs were isolated for MNase digestion assay. After gel electrophoresis of MNase digested samples, DNA was stained by EtBr to evaluate bulk chromatin structure, and pulse-labeled DNA on blot was detected using radio imaging (Fig. 3A and 3B ). We could not detect any apoptotically degraded DNA at least at 24 h and 30 h after tet-treatment (lanes 6, 12 and 18 in upper panel of Fig. 3A) , consistent with previous results (Fig. 2D and 2F ). Bulk DNA from Asf1-depleted cells treated with tet for 24 h and 30 h showed MNase resistance almost similar to that from non-depleted cells (compare lanes 1-5 with 7-11 and 13-17 in upper panel of Fig. 3A , and upper panel of Fig. 3B ). This indicates that global chromatin structure is not so impaired at least till 30 h of tet-treatment. When we examined pulse-labeled chromatin, MNase-digestion of Asf1-proficient chromatin (tet 0 h) gave characteristic ladders indicative of mono-, di-and tri-nucleosomes (lanes 1-5 in lower panel of Fig.  3A and 0 h in lower panel of Fig. 3B ), indicating that oligo nucleosomes were formed onto newly replicated DNA within 10 min of DNA replication. On the other hand, Asf1-depleted chromatin (tet 24 h and 30 h) showed greatly increased MNase digestion sensitivity, indicating that chromatin structure onto newly replicated DNA was severely impaired (lanes 7-11 and 13-17 in lower panel of Fig. 3A and lower panel of Fig. 3B ). These results strongly indicate that Asf1 is involved in replication coupled nucleosome assembly process in vivo.
Since CAF-1 is a primary factor for nucleosome assembly during replication, it was possible that the observed defective nascent nucleosome assembly in Asf1 depleted cells might be partly due to consequence of impaired CAF-1 function. To assess this, we examined both the intracellular level and nuclear localization of CAF-1 in Asf1 depleted cells. As shown in Fig.  3C , the Asf1 depletion did not alter protein levels of all CAF-1 subunits p150, p60 and p48. Furthermore, both CAF-1p150 and p60 were collectively co-localized to the PCNA foci, representing the sites of ongoing DNA replication in Asf1-deficient cells (Fig. 3D) . These results indicate that the Asf1 deficiency does neither affect the integrity of CAF-1 complex nor its recruitment to replication sites. This observation is according to the previous proposed concept about role of Asf1 as histone donor chaperone effectively supplying histones H3-H4 to CAF-1(2, 14, 17), but it does not exclude the possible direct participation in replication coupled chromatin assembly process.
Asf1-deficiency causes mitotic aberrationNext, we examined whether the defective chromatin structure and accumulation of damaged DNA during S phase due to the Asf1 deficiency have any negative impact on subsequent mitotic chromosome. At indicated times after the addition of tet, Asf1-deficient cells were stained with DAPI and α-tubulin antibody. Although no significant alteration in the mitotic index upon the loss of Asf1 was observed, cells with aberrant mitotic phenotypes, such as multipolar spindles arising from abnormal centrosome duplication, were increased from 48 h onward after the addition of tet (Fig. 4A, 4B and 4C) . Accordingly, in almost all the cells (at 48-72 h), the ability of chromosome alignment in a metaphase plate was abolished (Fig. 4B) . Of note, some mitotic cells with multipolar spindles appeared to proceed through mitosis, undergoing aberrant mitotic exit followed by cell death earlier to the next cell cycle. To determine whether defect of chromosome alignment can be due to aberrant kinetochore structure or function, localization of centromere protein was monitored by tagging the endogenous CENP-H protein with green fluorescent protein (CENP-H-GFP) generated through gene targeting approach (37). As shown in Fig. 4D , localization of CENP-H was not altered in both inter-phase nuclei and mitotic chromosome in Asf1 depleted cells, suggesting that kinetochore structure was not severely compromised. However, it is not clear whether such intact kinetochore is precisely functional or not. We can not exclude a possible involvement of Asf1 in formation or maintenance of pericentromeic heterochromatin that is critical for proper formation of kinetochore and chromosome segregation. In relation to this, recently, human Asf1a has been shown to promote the formation of specialized heterochromatin, known as senescence-associated heterochromatin foci (42).
Alternatively, some aberrancy in mitosis should be the indirect effect resulting from defective chromatin structure with damaged DNA arising during slowed S phase progression ( Fig  2F) . Regarding formation of multipolar spindles, DT40 cells have been shown to undergo multiple centrosome formation after delayed S phase induced by hydroxyurea or aphidicolin treatment (43).
Interaction of Asf1 with neither CAF-1 nor HIRA is necessary for cell viability -As Asf1 is essential for viability of DT40 cells, we explored the functional relationship between its interacting property with known binding partners such as histones H3/H4, CAF-1p60 and HIRA. First, to determine the binding region(s) of Asf1 to these proteins, we generated Asf1 conditional knockout cells, expressing stably C-terminal FLAG-tagged Asf1 and its mutant proteins as depicted schematically in left panel of Fig. 5A . Then, we performed co-immunoprecipitation assays for H3, H4 and CAF-1p60 proteins, using anti-FLAGantibody and lysates from corresponding mutant cells that had been treated with tet for 24 h to eliminate the effect of HA-tagged Asf1. Each immunoprecipitated complex was analyzed by Western blotting using anti-p60, histone H3 and acetylated histone H4 (K12) antibodies (Fig. 5B) . On the other hand, the binding region(s) of Asf1 with HIRA was assessed by coimmunoprecipitation assays using in vitro translated HA-tagged HIRA and FLAG-tagged Asf1 cognate proteins (Fig. 5C ). As expected, the wild type Asf1 exhibited binding partnership with all these proteins examined ( Fig. 5B and 5C ). Deletion mutational analyses revealed that minimum binding domain of Asf1 for p60, histones H3/H4 and HIRA was confined to 1-155 aa, which lacks a Ser and Thr rich region of Cterminal tail. This N-terminal domain, containing 10 ß-sheets, has been well defined to be structurally conserved (44). Two other deletion mutant proteins (13-204) and (1-139) that failed to bind with all these proteins are likely to be unstable, since the detected levels of these constantly remained low in clones tested, compared to other mutant proteins, probably due to lacking of complete ß-sheet structures. As shown in Fig. 1C , the mobility shifting of Asf1 proteins in SDS-PAGE could be seen as doublet bands in several mutant proteins (Fig. 5B) . The result that treatment with alkaline phosphatase to Asf1-FLAG containing beads lost the upper band of Asf1 (Fig. 5D ), revealing that this was due to phosphorylation of Asf1 protein. As mobility shifted bands were not detected for C-terminal deleted mutant proteins 1-155 and 1-139 (Fig. 5B) , it is suggested that the region of 156-204 aa contains major phosphorylation sites. Consistent with the previous report (44), the missense mutant protein E36AD37A could not bind to HIRA in vitro (Fig. 5C) . Interestingly, this mutant protein also abolished binding ability as to p60 but retained binding ability to histones H3/H4 (Fig.  5B ). These findings were also confirmed in Cos-7 cells, in which those were transiently expressed (Fig. 5E ). In addition, human Asf1b could bind to p60 and histones H3 and H4 (Fig. 5B) .
Next, we determined the region of Asf1 responsible for viability of DT40 cells. The complementing criteria of Asf1 mutant proteins was examined based on the appearance of surviving colonies in the presence of both tet and puromycin after transfection with expression vectors encoding FLAG-tagged Asf1 and its mutants (right panel of Fig. 5A ). As expected, the wild-type Asf1 protein could efficiently form the surviving colonies, while introduction of empty construct could not. Deletion mutational analyses showed that the minimum essential region for viability was located within 1-155 aa of Asf1. Interestingly, the missense mutant protein E36AD37A could rescue the lethality caused by the depletion of HA-tagged Asf1 completely. To confirm this, we examined the growth rate of conditional Asf1 depleted cells, expressing stably the FLAG-tagged mutant Asf1 protein E36AD37A.
As expected, FLAG-tagged E36AD37A of Asf1 was constantly expressed through a period of time examined, while HAtagged Asf1 protein disappeared completely by 24 h after the addition of tet (left panel of Fig. 5F ). Even in the absence of HA-tagged wild-type Asf1 protein, the stable expression of the E36AD37A mutant protein could compensate for the loss of function of the wild-type Asf1 in the normal growth of the DT40 cell line (right panel of Fig.  5F ). Together, these results revealed no requirement of stable association of Asf1 with p60 and HIRA for cell growth ability. In addition, human Asf1b also could do, suggesting that Asf1a and Asf1b act in a complementary fashion for cell viability (Fig. 5A) , consistent with the result that the synergetic role for cell proliferation was observed in human cells, using RNAi mediated knockdown system for Asf1a and Asf1b (17) .
Taken together, these results indicate not only that the N-terminal core domain (1-155 aa) of Asf1 is necessary and sufficient for both cell viability and association with CAF-1p60, HIRA and histones H3-H4, but also that its interaction with CAF-1 and HIRA is not required for cell viability.
DISCUSSION
Because DNA replication and chromatin assembly are tightly coupled processes having tremendous impact on cell growth of vertebrates, a slight deviation in these would definitely affect in cell proliferation (3, 6, 7, 8, 19) . RNAimediated knockdown of CAF-1, the primary factor for histone H3-H4 deposition during DNA replication, leads to retarded replication coupled chromatin assembly, slowed DNA replication, slowed S phase progression and eventually apoptotic cell death (6, 7) . On the other hand, the in vivo role of Asf1, another histone H3-H4 chaperone, has not been fully elucidated yet, except that RNAi-mediated knockdown of Asf1 impairs S phase progression in human and Drosophila cell lines (17, 18) . To better understand about the physiological functions of Asf1 and to dissect its functional domains, we genetically created the Asf1-conditional knockout DT40 cell line.
Using this system, we clearly established that Asf1 is essential for viability of DT40 cells. The depletion of Asf1 caused defects in S phase progression accompanied by slowed DNA replication, and then these defective phenotypic properties were almost similar to those seen in CAF-1 depleted DT40 cells (Takami, submitted). Furthermore, as in the case with the CAF-1 depletion (7, Takami, submitted), newly synthesized DNA was highly sensitive to MNase digestion ( Fig. 3A and 3B ), indicating that CAF-1 and Asf1 are individually required for replication coupled nucleosome assembly. Thus, the in vivo replication coupled nucleosome assembly depends on not only CAF-1 function but also Asf1 function, agreed with the proposed synergistic role of Asf1 with CAF-1 in the in vitro replication coupled nucleosome assembly (11, 14) . The defect in replication coupled nucleosome assembly could be a cause for slowed DNA replication and S phase progression, as proposed for CAF-1 depleted cells (6, 8) . Additionally, this defective chromatin structure possibly triggered other cellular defects such as accumulation of damaged DNA (Fig. 2F and 2G) , which was also evident in yeast (45, 46), and aberrant mitotic process (Fig. 4) .
In a variety of chromatin modulating processes, it is difficult to assess which deviated chromatin modulation is associated with cognate cellular aberrancy caused by the Asf1 depletion. Several lines of evidences are available demonstrating its association with histones H3-H4, CAF-1p60 and HIRA (11, 13, 14, 15, 44) (Fig.  5) , probably facilitating nucleosome assembly. In addition, Asf1 has been reported to be involved in providing buffering system to preserve excess H3-H4 pool (17) . These strongly suggested the role of Asf1 as histone donors in both CAF-1 mediated replication-coupled and HIRA mediated replication-independent chromatin assembly processes (2). The similar aberrant phenotypes observed between CAF-1 depleted and Asf1 depleted DT40 cells were in line with this theory, suggesting that Asf1 mediated CAF-1 function might be responsible for cellular aberrancy to a greater extent as described above, but the Asf1 mediated HIRA function may not be involved in it, because such aberrancy was not observed in HIRA deficient DT40 cells (48). Alternatively, since Asf1 interacts with TFIID (23) and regulates expressions of a broad array of genes in yeast (24) , some of the cellular abnormalities might be accounted for the lack of the Asf1 function as transcription regulator by disturbing the expression of specific genes.
Chicken Asf1 protein, as those in other organisms, is composed of two structural distinct domains, the N-terminal evolutionarily conserved domain (1-155 aa) and the C-terminal divergent one (156-204 aa). Recently, three dimensional structural model of yeast Asf1 protein, in which the N-terminal core domain adopts a compact immunoglobulin-fold structure consisting of 10 ß-sheets, has been proposed (44, 49). In addition, the N-terminal domain is sufficient not only for stimulating the in vitro replication-dependent nucleosome assembly but also for conferring MMS-resistance and gene silencing (44). Consistent with this, our complementation analyses revealed that the N-terminal 1-155 aa domain is the minimum essential region for cell proliferation and is sufficient for binding to histones H3-H4, CAF-1p60 and HIRA (Fig. 5) . However, of our results, most intriguing one is that the binding abilities of Asf1 as to both CAF1p60 and HIRA proteins are not connected with its cell viability function, implying possible existence of an alternative mediating role of Asf1, other than H3-H4 deposition, that is distinct from those concerning these two proteins for cell proliferation. In relation to this, a direct involvement of Asf1 in DNA replication machinery was recently evaluated in yeast, i.e., maintaining a subset of replication elongation factors by directly interacting with the RFC during stress (50). If this mechanism is also operating in vertebrates, loss of this function should lead to more severe cellular defects in normally proliferating DT40 cells than yeast, since the spontaneously occurring DNA damages during replication are more evident in higher eukaryotes than in yeast, because of its larger genome size.
On the other hand, possible function of the Cterminal region of Asf1 remains to be resolved. This C-terminal region exhibits a relative divergence in length but similarity among species. For example, this region is rich in acidic amino acid residues in yeast, but in vertebrates it is enriched with Ser and Thr residues that are considered to be kinase-substrate sites (28). Interestingly, the phosphorylated form of Asf1 disappeared, when the C-terminal region was deleted (Fig. 5B) , indicating that it is being phosphorylated in DT40 cells. The deletion of this region exhibited no effects on both the cell growth and binding capability as to histones H3-H4, p60 and HIRA (Fig. 5) , consistent with the previous results that phosphorylation status does not affect on both the in vitro chromatin assembly activity (14) and histone flow (17) . Thus, the Cterminal region of Asf1 is predicted to have an additional regulatory role. Since Asf1 phosphorylation is regulated by Tlk kinase which is inhibited by ATR/ATM kinase triggered by DNA damage and replication stress (29) , the phosphorylation status might be involved in signal transduction in response to DNA damage.
In conclusion, our results revealed that the vertebrate Asf1 is an integral player for nucleosome assembly process during DNA replication inclusive of the essentiality in normal DNA replication and S phase progression, and provides the possible clue of its participation in cell proliferation distinct from CAF-1 and HIRA mediated chromatin assembly pathways. Our established cell lines, expressing exclusively Asf1 mutant proteins lacking the phosphorylation site or binding platform for CAF1-p60 and HIRA, would be of great help in elucidating additional roles of Asf1 for many chromatin modulating processes maintaining chromosomal integrity and cell viability. ) , a grant-in-aid for scientific research from Ministry of Education, Culture, Sports, Science, and Technology, and grants from the Japan Society for the Promotion of Science and CREST from Japan Science and Technology of Japan.
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The abbreviations used are: PCR, polymerase chain reaction; HA, hemagglutin; FACS, fluorescence activated cell sorting; BrdU, 5-bromodeoxyuridine; FITC, fluorescein isothiocyanate-conjugated tyamide; PVDF, polyvinyliden difluoride; SDS, sodium dodecyl sulfate; PAGE, polyacrylamide gel electrophoresis; TCA, trichloroacetic acid; GST, glutathione S-transferase; BSA, bovine serum albumin; WT, wild type. 3 H]-thymidine incorporations at indicated times after the addition of tet were normalized by dividing total cell number at each time point and that of at 0 h is defined as 100%. The data are representative results from three separate experiments. F, phosphorylation of H2AX upon the loss of Asf1. At indicated times after the addition of tet, cells were collected, and equal amounts of total cell extracts were subjected to Western blotting using anti-γ−H2AX antibody. α−tubulin was used as a control. G, TUNEL assay. At indicated times after the addition of tet, cells were collected and DNA breaks were labeled with FITC-dUTP (green) by using terminal transferase (see Experimental Procedures). DNA was counterstained with PI (red). were shown in upper and lower panels, respectively, at indicated MNase concentrations and times after tetaddition. C, protein levels of CAF-1 subunits during Asf1 depletion. At indicated times after the addition of tet, cells were collected, and equal amounts of total cell extracts were subjected to Western blotting using anti-chicken CAF-1p150, p60, p48, PCNA and Asf1 antibodies. As a control, α−tubulin was used.
D, co-localization of CAF-1p150 and p60 with PCNA. Cultured cells with (60 h) or without (0 h) tet were doubly stained with antibodies for appropriate proteins and BrdU. 
